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NOTICE

This report was prepared as an account of Government sponsored work.
| Neither the United States, nor the National Aeronautics and Space
’ Administration (NASA), nor any person acting on behalf of NASA:

A) Makes any warranty or representation, expressed or implied,

with respect to the accuracy, completeness, or usefulness of
| the information contained in this report, or that the use of any
* information, apparatus, method, or process disclosed in this
report may not infringe privately-owned right; or

B) Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method or
process disclosed in this report.

As used above, ''person acting on behalf of NASA'" includes any employee
or contractor of NASA, or employee of such contractor, to the extent
that such employee or contractor of NASA, or employee of such
contractor prepares, disseminates, or provides access to, any infor-
mation pursuant to his employment or contract with NASA, or his em-
ployment with such contractor.

Requests for copies of this report should be referred to:

National Aeronautics & Space Administration
Office of Scientific and Technical Information
Washington 25, D. C.

Attention: AFSS-A
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FOREWORD

This report describes the research activity
carried out in fulfillment of Contract NASw-104
as modified by Amendments 1 through 9 during
the period from January 1 through December 31,

1963.
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ABSTRACT

6808
The program for the year was divided into forr parts, each of which is
reported in separate sections. An additional section describes data ob-
tained in 1962 and to date unreported because of rig difficulties during
that period.

A screening rig was constructed to enable evaluation of coating behavior
at elevated temperatures so that coating volatilization in the emittance
rigs could be avoided. Three materials have been tested to date,
namely, Kennametals K-151A and K-162B, and iron titanate. The
Kennametals were found to be stable up to 1600°F and the iron titanate
up to 2000°F.

Emittance values were obtained for several materials and were compared
with previously obtained values to determine reproducibility. These
materials included crystalline boron, oxidized Kennametals K-151A and
K-162B, calcium and iron titanates, nickel-chrome spinel, and silicon
carbide. Data from all of these specimens were in good agreement with
that obtained previously except for that of the crystalline boron (which
was slightly lower), one of the nickel-chrome spinel coatings (which was
slightly higher), and one of the calcium titanate coatings (for which the
emittance behaviour was irregular). In addition, tests were run on a
spinel enamel and on AISI-310 stainless steel and tantalum to evaluate
the operation of the total hemispherical emittance rig.

Tests of four coated radiator segments exposed to temperatures between
650 and 700°F and vacuum for periods ranging from 12,700 to 15,000
hours were completed and a post test analysis was made. Analysis in-
cluded mechanical, metallographic, and X-ray diffraction testing as
well as residual gas analyses and vacuum chamber leak te sting. The
analyses confirmed that, in general, the segments withstood the ex-
tended exposure to high temperature and vacuum satisfactorily.

Methods for applying silicon carbide coatings by aluminum phosphate
bonding were investigated, but, although some improvement was
realized, a satisfactory technique has not been developed.

Difficulties encountered with the total hemispherical emittance rig
in the latter part of 1962 were resolved and emittance data obtained
during this period are now reported. Materials included are
Hastelloys C and X, oxidized Kennametals K-151A and K-162B,
‘titanates of barium, calcium, iron, iron with alumina, and

strontium, and silicon carbide, A u}%?DL)
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~I. VOLATILIZATION TESTS

A test rig has been constructed to provide preliminary information on
the behavior of coatings subjected to temperature and high vacuum
conditions. Testing of selected coatings in this apparatus will estab-
lish the maximum temperatures to which these coatings may be heated
before measurable volatilization occurs. This information can be
utilized to prevent overheating of coatings in the emittance rigs and
the attendant plating of volatilized material on the electrical circuitry.

A standard glass bell jar 15 inches high and 15 inches in diameter

was used for the vacuum chamber to permit obsérvation of the speci-
men during testing and to simplify cleaning after testing. The bell

jar was seated on a special base plate equipped with a cooled radiation
shield to absorb heat radiated by the specimen and to prevent the bell
jar from heating during testing. Vacuum grease was used to seal the
bell jar to the base plate and a metal shatter guard was placed over the
bell jar to protect personnel in the event of bell jar failure. Provision
was made for mounting a 35 mm camera on the bell jar shield to
permit the specimen to be photographed. An external view of the rig
is shown in Figure 1.

An instrumentation flange (shown in Figure 2) supported the specimen
and provided feedthroughs for power and thermocouple leads. Terminals
were provided for three platinum-platinum 10 per cent rhodium, two
chromel-alumel, and two tungsten-tungsten 26 per cent rhenium thermo-
couples. A one-inch square sheet of stainless steel was suspended

from the upper specimen support about two inches from the specimen

to facilitate observation of any deposition which might occur.

The evacuation system consisted of a 400 liter-per-second oil diffu-
sion pump backed by a 13 cubic-foot-per-minute mechanical roughing
pump and a liquid nitrogen cold trap. Pressures as low as 3.0 x 10-6
mm Hg were obtained with the specimens heated to temperatures of
1600°F. Pressure measurement was made with a Bayard-Alpert type
ionization gage.

To date, coatings of oxidized Kennametals K-151A and K-162B and an

iron-titanate coating have been tested in the rig. Figure 3 and
Tables 1 and 2 show that the two Kennametal coatings were stable up
to 1600°F when exposed to a vacuum in the 10-6 mm Hg range. At
temperatures above 1600°F, the coatings volatilized rapidly enough
to measurably increase the pressure in the chamber. This increase
was accompanied by the appearance of dark spots at various places
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on the specimens. These dark spots are indicative of regions of lower
apparent temperature which may be a result of local coating separation.
During testing of the Kennametal K-162B coating at 1700°F, it was ob-
served that the thermocouple indications decreased at a constant power
setting. Although this behavior may be a result of an emittance increase,
it is more probable that the coating was volatilizing and introducing
errors into the thermocouple readings.

As shown in Figure 3 and Table 3, the iron titanate coating was stable
up to a temperature of 2000°F but volatilized rapidly when heated
above 2150°F. At 2100°F the thermocouple indications decreased
when the power setting remained constant for the same reasons de-

scribed above.
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II. EMITTANCE MEASUREMENTS

A, AIJISI-310 Stainless Steel

An AISI-310 stainless steel tube in the as-received condition was
tested in the total hemispherical emittance rig in conjunction with
the investigation of temperature measurement discrepancies dis-
cussed in Section V of this report. Emittance values were obtained
between 1000 and 2000°F and appear in Table 4 and Figure 4.

During the initial run, the emittance rose from 0.26 to 0.29 as the
temperature increased from 1000°F to 2000°F. The specimen

was retested at a later date and, as shown in Figure 4, the emittance
values were lower than initially. Similar drops in emittance have
been observed previously and have been attributed to surface

clean-up resulting from exposure to elevated temperatures and
reduced pressures.

B. Tantalum

Total hemispherical emittance measurements were made on two
uncoated tantalum tubes to test the operation of the total hemis-
pherical emittance rig. Three test runs were made with one tube,
and a single test run was made with the second tube. All tests
were conducted in the total hemispherical emittance rig. As shown
in Table 5 and Figure 5, the data fall along two general curves
with data from the first specimen comprising the lower curve, and
that from the second specimen comprising the upper curve. The
lower curve indicates a gradual increase in emittance from 0.14
at 900 °F to 0.20 at 2200 °F, whereas the upper curve indicates an
emittance increase from 0.17 at 1000°F to 0.25 at 2200°F. The
cause of this discrepancy in emittance between the two specimens
is not known but may have been due to slight differences in sur-
face roughness. The specimens were similar in appearance,and
there were no visible changes as a result of testing.

C. Crystalline Boron

A coating of crystalline boron was plasma-arc sprayed onto a

columbium - 1 per cent zirconium tube. Considerable difficulty
was encountered in making the powder adhere to the substrate,
and the resulting coating was less than 1 mil thick. The powder
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used had particle sizes ranging from 62 to 74 microns in diameter.
The coating was gray, fairly hard, and had a matte texture finer
than that of 320 grit emery cloth. The coating-substrate bond
strength was excellent.

Total hemispherical emittance measurements were made between
300 and 2200°F, and data are presented in Table 6 and Figure 6.
The emittance increased from 0.65 at 300°F to 0.74 at 1300°F and
remained constant up to 1700°F., During the second heating cycle,
the emittance obtained between 1500 and 1700°F was slightly lower,
and with further heating to 1900°F the emittance increased to a
maximum of 0.73 and then decreased to 0. 70 at 2200°F. During
cooling, the emittance remained at or below 0.70. The lowest
emittance data previously reported (Technical Report PWA-2206)
for crystalline boron was slightly higher than 0. 74. It is possible
that the lower values resulted from the thinness of the coating. No
visible changes in the coating occurred as a result of testing.

Oxidized Kennametél K-151A

The specimen was prepared by plasma-arc spraying a 4-mil

thick coating of oxidized Kennametal K-151A onto an AISI-310
stainless steel tube. (The material was oxidized by Kennametal,
Incorporatedby heating in air at 1600 °F for 20 minutes,) The resulting
coating was dark gray, fairly hard,and had a fair coating-to-
substrate bond strength. The matte texture was similar to that

of 240 grit emery cloth.

Emittance testing was conducted in the total hemispherical emit-
tance rig at temperatures below 1600°F since testing in the
volatilization rig indicated that the coating became unstable at
higher temperatures. The emittance of the coating (see Table

7 and Figure 7) increased from 0. 82 at 800°F to 0.88 at 1600°F
and the same values were obtained during cooling. These
values are in good agreement with the values based on thermo-
couple temperature measurements reported previously for this
material in Pratt & Whitney Aircraft Report PWA-2206. The
more recent values are somewhat higher, however, than the
values obtained previously using optical pPyrometer temperature
values. At 1600°F the values recently obtained using optical
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pPyrometer temperature measurements are in close agreement
with values reported by Wade and Casey. !

E. Oxidized Kennametal K-162B

Emittance measurements of a coating of oxidized Kennametal
K-162B were made to permit further comparison of Pratt &
Whitney Aircraft emittance measurements with those of Wade
and Casey2 who measured the emittance of an oxidized sheet of
Kennametal K-163B1. Unfortunately, K-163B1 is no longer
available and therefore measurements were made on the replace~
ment material, K-162B. The oxidized material was supplied in
powder form with particle diameters between 53 and 88 microns,
The powder was plasma-arc sprayed onto an AISI-310 stainless
steel tube to form a 5-mil thick coating which was dark gray,
fairly hard, and had a fair coating-to-substrate bond strength.
The texture of the coating was similar to that of 240 grit emery
cloth. No change in the coating characteristics occurred as a
result of testing.

As was the case with Kennametal K-151A, emittance measure-
ments were restricted to the temperature range of 800 to 1600°F.
As shown in Table 8 and Figure 8, the emittance increased from
0.82 at 832°F to 0.89 at 1500°F. These values are lower than
those obtained by Wade and Casey at temperatures below 1400°F,
but, between 1400 and 1600°F, the values are in almost exact
agreement,

1Wade, W. R., and Casey, F. W., Jr., Measurement of Total
Hemispherical Emissivity of Several Stably Oxidized Nickel- Titanium
Carbide Cemented Hard Metals from 600° to 1600°F. NASA
Memorandum, 5-13-591,, National Aeronautics & Space Administration,
Langley Field, Virginia, June 1959.

2Ibid.
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F., Calcium Titanate

Five calcium titanate coatings were tested. The first was aluminum
Phosphate bonded to a columbium - 1 per cent zirconium tube and
was tested to evaluate the coating procedure used. The remaining
coatings were plasma-arc sprayed onto columbium - 1 per cent
zirconium tubes and were tested to evaluate the effects on emit-
tance of exposure to elevated temperature.

First Specimen - As discussed in Section IV, an investigation of
aluminum-phosphate bonding procedures was conducted to develop
a curing procedure which would permit aluminum-phosphate bonded
coatings to withstand exposure to elevated temperatures. A
specimen prepared by the optimum procedure developed was tested
to evaluate the effectiveness of the coating procedure.

Before testing, the coating was 4 mils thick, cream colored, and
hard. The texture was similar to that of 320 grit emery cloth
and the coating-to-substrate bond was good. Calcium titanate
powder procured from Metco, Incorporated, was used in Preparing
the coating. The emittance data obtained (Table 9 and Figure 9)
show a sharp decrease in emittance with increasing temperature.
This is not typical of calcium titanate coatings and probably is
caused by the aluminum-phosphate binder. Further, the values
obtained between 300 and 500°F were significantly higher than

0. 90 which is not representative of the material and probably
reflects the effects of end losses.

Second Specimen - The second specimen had a light gray 5-mil thick
coating. Emittance measurements were made between 300°F and 1600°F
and results are presented in Table 10 and Figure 10. The emittance

of the coating increased from 0.78 at 300°F to about 0.90 at 1300°F

and remained at that level to 1600°F at which time the test was ter-
minated. These values agree with those reported in Technical

Report PWA-2206 for CaO-TiO2 and SrO. TiO3.

When the specimen first reached 1000°F, it was observed that the
color of the chamber walls changed from gray to a brilliant blue.
As may be seen in Table 10, the pressure level rose one decade
at 900°F, remained at that level at 1000°F, and then returned to
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its original level at 1100°F, The pressure remained in the 10~/
mm Hg range until temperatures in excess of 1300°F were attained,
and then it once again rose to the 106 mm Hg range. The chamber
pressure was low enough during the period when the color changed
that it was not believed that excessive volatilization had taken place,
and termination of the test was not warranted since the instrumen-
tation remained usable. Finally, it would not be expected that con-
densate from a calcium titanate coating would be blue. When the
vacuum chamber was opened, no foreign material was found on

the instrumentation flange although the chamber walls were still
blue. The cause of this blue coating has not been determined.
There were no changes in the appearance of the coating as a

result of testing.

Third Specimen - The third specimen had a coating 2 mils thick
which was light gray, and hard. The coating-to-substrate bond
strength was good and the texture was similar to that of 320 grit
emery cloth. As anticipated, the emittance rose to 0.90 at 1400°F
with a value of 0.92 being obtained at 1500°F (see Table 11 and
Figure 11). A high emittance level was maintained during cooling
to 1100°F when the test was terminated. It is noted that the value
obtained at 1500°F is about 1. 6 per cent higher than that usually
obtained with plasma-arc sprayed coatings of calcium titanate.
The coating was somewhat darker after testing, but otherwise was
unchanged in appearance.

Fourth Specimen - The fourth specimen had a 5-mil thick coating
which was gray, hard, and had a good coating-to-substrate bond
strength. The matte texture was similar to that of 180 grit emery
cloth. Initial testing was conducted at 1000 *F. During

heating, the emittance never exceeded 0. 82, but, after 25 hours at
1000°F, it rose to 0.87 where it remained for the next 100 hours
(see Table 12 and Figures 12 and 13). During subsequent cooling
and heating between 800 and 1100°F the higher emittance values
were maintained. Continued heating at 1100°F caused the emittance
to increase to 0.88. This value was also maintained during cooling
and appears to be more stable than the value obtained at 1000°F.
Endurance tests of approximately 24 hours each were conducted at
1200 and 1300°F, but no further emittance changes occurred. After
25 hours of testing at 1400°F, however, the emittance decreased
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from 0.88 to 0.86 (see Figure 14). The specimen was then heated
to 1500°F to permit the use of an optical pyrometer for checking
the thermocouple indications., As shown in Table 12, the optical
pyrometer reading was 6°F lower than that of the thermocouple,
This results in corresponding emittance values of 0. 88 and 0.86
respectively. During cooling, the thermocouples continued to in-
dicate an emittance of 0,86, The coating was unchanged as a result
of testing.

Fifth Specimen - The coating on the final specimen contained blue
and white particles on a light gray background and was tested
between 300 and 1500°F. Results appear in Table 13 and Figures
15 through 17. The total hemispherical emittance of the coating
was measured as the specimen was heated from 300 to 1000°F

(see Figure 15). A 190-hour endurance test was conducted at
1000°F. As shown in Figure 16, the emittance rose slightly during
the first 50 hours from 0.84 to 0. 86, and then remained relatively
constant throughout the last 140 hours. The specimen was then
cooled to 600°F and then heated to 1100°F (see Figure 15). Suc-
cessive endurance runs were made at 1100°F, 1200°F, 1300°F,
and 1400°F with no change in the emittance noted. Most of the
endurance tests were run for one day, but the test at 1300°F
encompassed a weekend and covered a period of 118 hours. At
1500°F the emittance began to decrease and after 28 hours it had
dropped from 0.86 to 0. 72 (see Figure 17). After 28 hours at
1500°F the temperature of the specimen was decreased and the
emittance remained at 0. 72, thus indicating that a permanent
change in the coating had occurred. The thermocouple data appears
to be reliable since, at the end of the endurance test at 1500°F,
thermocouple and optical pyrometer indications were in good agree-
ment. After testing, the coating was uniformly gray. Similar
color changes with calcium titanate specimens have occurred pre-
viously (see Technical Report PWA-2206, page 115).

Conclusions - The results from the fifth specimen were not as an-
ticipated since the emittance of the specimen never attained 0.90
even at 1400 or 1500°F. Further, it has been shown (Technical
Report PWA-2206, Table 144) that calcium titanate is stable up
to 400 hours at 1450°F. Since the performance of this specimen
was not similar to that of other calcium titanate specimens, no
conclusions may be drawn concerning low-temperature changes

of calcium titanate coated specimens until further te sting is
conducted,
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Iron Titanate

Iron-titanium-oxide (FCT-11) was obtained from the Continental
Coatings Corporation and was determined by X-ray diffraction to
be Fe, TiOg. The iron titanate was plasma-arc sprayed onto
columbium - 1 per cent zirconium tubes. A total of four specimens
were tested, two of these in the total emittance rig, and the other
two in the short term endurance rig.

Total Hemispherical Emittance Testing - The first specimen had
a 5-mil thick coating which was dark gray, hard, and had a surface
roughness equivalent to that of 320 grit emery cloth.

As can be seen in Table 14 and Figure 18, the emittance level of

this specimen was about 0. 87 between 1000 and 2100°F which is

a value close to that obtained previously. However, at 2200°F, the
coating started to volatilize appreciably, and therefore reliable data
could not be obtained during cooling. After the specimen was removed
from the rig, it was found that the chamber walls and instrumentation
flange were coated, but the characteristics of the coating on the
specimen appeared unchanged. Although the coating volatilized

at 2200°F, it was decided to endurance test a specimen at 1800°F
since the coating was stable at least up to a temperature of 2000°F
and since data obtained up to 2100°F were equivalent to that obtained
Previously.

A second specimen had a plasma-arc sprayed coating of iron titanate
which was 2 mils thick, gray, hard, and had a fair coating-substrate
bond. The emittance was determined over a temperature range of
800°F to 1800°F. As shown in Table 15 and Figure 19, the emittance
varied from 0. 87 to 0.89 over the entire temperature range. This
compares favorably with the first specimen tested and is indicative
of good emittance reproducibility with coatings of different thick-
nesses,

Short Term Endurance Testing - A third specimen, which had a 4-mil

thick coating of iron-titanate, was heated to 1800°F in the short
term endurance rig. During heating, the emittance varied between
0.86 and 0.87 (see Table 16 and Figure 20). After the specimen had
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been at 1800°F with an emittance of 0.87 for 1.6 hours, a partial
blockage of the cooling water caused overheating of the chamber
walls and the instrumentation flange and the test was terminated.
The specimen was a darker shade of gray after testing than before,
but no other changes were found.

‘ At a later date this specimen was reinstalled in the rig and a second
| endurance test was run at 1800°F. The emittance decreased from
0.85 at 700°F to 0.82 at 1800°F and remained constant at 0. 82

(see Table 17 and Figures 21 and 22) for the remainder of the test.
Although there were no visible changes in the coating after testing,
it seems probable that some unidentified change had occurred
inasmuch as higher values of emittance have been demonstrated

by this coating in the past.

To provide further information on the stability of iron titanate, a
fourth specimen was plasma sprayed with a 3-mil thick coating on
a columbium - 1 per cent zirconium substrate.

The coating was dark gray, hard, and well bonded to the substrate.
The specimen was heated to 1800 °F and the emittance rose to 0. 88.
After four hours at 1800°F, a voltage lead became detached and the
test was terminated to reinstrument the specimen. The voltage
lead was reattached and the specimen heated to 1800°F. As can be
seen in Table 18 and Figures 23 and 24, there was a large difference
in temperature readings between the thermocouple and optical
Pyrometer. It is evident from the calculated emittance that the
thermocouples were giving erroneous readings. The emittance
values based on pyrometar temperature measurements are in good
agreement with previous tests.

H. Nickel Chrome Spinel

Two batches of nickel-chrome spinel were prepared by heating
stoichiometric mixtures of nickel oxide (NiO) and chromic oxide
(Cr,03) at 2500°F for 10 hours. One batch was heated in air and
the other in an oxygen-rich atmosphere. X-ray diffraction analyses
of the resulting material revealed 70 per cent conversion to the
spinel (NiO - Cr203) in the first batch and 80 per cent in the second.
In all, five specimens were prepared for emittance testing by
pPlasma-arc spraying the spinel mixtures onto columbium - 1 per
cent zirconium tubes,
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Total Hemispherical Emittance Testing - The total hemispherical
emittance of several specimens was determined to evaluate
reproducibility of emittance from specimens prepared at different
times, and also to compare the effect of the spinel content of the
coating on emittance.

A 2-mil thick coating of the 70 per cent spinel mixture was plasma-
arc sprayed onto a columbium - 1 per cent zirconium tube. As was
the case with crystalline boron, difficulty was encountered in obtain-
ing a thick coating. The coating was black, soft, and had a matte
texture similar to that of 240 grit emery cloth. The coating-substrate
bond strength was poor.

The total hemispherical emittance was measured between 300 and
2200°F and results appear in Table 19 and Figure 25. The emittance
increased from about 0. 78 at 300°F to 0.87 at 900°F. It remained
at 0.87 between 900°F and 2100°F. At 2200°F, a bright spot
appeared at the bottom of the tube and more power was required

to maintain the temperature level. During cooling, the emittance
data retraced that obtained during heating.

After the specimen was removed from the rig, it was found that

the lower part of the specimen which had overheated during testing
had turned white while the remainder of the specimen remained
black. The black coating was fairly hard and now had a fair coating-
substrate bond strength. A shiny metal coating was found on the
interior of the chamber and on the instrumentation flange. It
appears that there was some defect or impurity in the coating at

the lower end of the specimen since this is the only place where

an observable change in the coating occurred.

The second specimen was coated with the 80 per cent spinel mixture
by plasma-arc spraying, but, unlike the spraying of previous
specimens, 2.5 per cent hydrogen was blended with the argon
plasma gas to raise the plasma gas temperature. Pure argon was
used for the carrier gas. The resulting coating was 4 mils thick,
dark gray, and hard. The coating - substrate bond was good, and
the texture was similar to that of 240 grit emery cloth. As shown
in Table 20 and Figure 26, the emittance remained at 0.90 from
800°F to 1800°F. This value is higher than previously reported
and may be the result of the higher spinel percentage. No changes
in the appearance of the coating were observed as a result of testing.
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Short Term Endurance Testing - Three short term endurance tests
were conducted to determine the emittance stability as a function of
time. These tests were performed in the short term endurance
rig.

The first specimen had a 4-mil thick coating of the 70 per cent
spinel mixture. The coating was black, fairly hard and was well
bonded to the substrate. Testing was conducted at 1800°F and
results appear in Table 21 and Figure 27. The emittance values
were much lower than previously reported for this material.
Further, after less than 10 hours of exposure to a temperature of
1800°F, the emittance dropped from 0. 72 to less than 0. 68 (see
Figure 28). During cooling, the emittance remained below the
values obtained during heating and the test was terminated. At the
present time, no explanation can be offered for the unusually low
values of emittance.

A second specimen was Prepared from the 80 per cent spinel
mixture. The coating was dark gray, hard, and had a good coating-
substrate bond. This specimen was exposed to 1600°F for over

260 hours and, as shown in Table 22 and Figure 29, exhibited
excellent stability with the emittance remaining at 0.88 over the
entire exposure period.

A final specimen was prepared in the same manner as the second
specimen. The coating was black, hard, and well bonded to the
substrate. This endurance test was conducted at 1800°F and, as
shown in Table 23 and Figure 30, the emittance decreased from an
initial value of 0.88 to 0,83 after approximately 100 hours of
exposure. There was some evidence of thermocouple poisoning
and the reported values are therefore based on optical pyrometer
readings.

It seems apparent from this series of emittance tests that nickel-
chrome spinel offers good repeatability of emittance values and
has good endurance capabilities up to 1600°F. At 1800°F, there
is some evidence of deterioration in emittance properties and
further investigation is required to establish the upper useful
operating temperature of this material.

Silicon Carbide

Two columbium - 1 per cent zirconium tubes were coated with
silicon carbide by an aluminum-phosphate bonding procedure
described in Section IV. The first specimen was bluish white,
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moderately hard, and fairly well bonded to the substrate. The
emittance values were somewhat erratic with the highest readings
being recorded at 300°F (see Table 24 and Figure 31) followed

by generally decreasing values up to 1300°F at which temperature
the coating failed. Some flakes of the separated coating were
measured and found to be 8 mils thick. It appears probable that
this excessive thickness contributed to the coating failure. These
values of emittance are somewhat lower than expected for silicon
carbide. It is uncertain whether this is a result of the surface
finish or should be attributed to the aluminum phosphate binder.
The second specimen coating was gray, moderately hard, and not
well bonded to the substrate. The emittance values were again
erratic, but at a somewhat higher level than those of the first
specimen (see Table 25 and Figure 32). Emittance measurements
were made over a temperature range of 300°F to 1400°F. Upon
further heating to 1500°F, the coating failed and the test was
terminated. It is evident from these tests that better bonding
techniques must be developed before silicon carbide can be con-
sidered as a high emittance coating for high temperature applications.

J. Spinel Enamel

Two AISI-310 stainless steel tubes were coated with a high temp-
erature enamel coating by the A.O. Smith Corporation. The coating
contained a large percentage of iron spinel and was fired at 1600°F.

Prior to testing, the coatings were hard, glossy black, and well
bonded to the substrates. The coatings ranged from 3 to 4 mils
in thickness,

The design of the specimen holder requires that the tube ends be
flattened in order to fit the end grips. During the flattening of

the first tube, the coating fractured and separated from the substrate
in several places, making the specimen unsuitable for testing., This
pProblem was alleviated in the second specimen by preheating the

tube ends before flattening.

This specimen, was mounted in the total hemispherical emittance

rig and the emittance was determined over a temperature range of
800°F to 1700°F.
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As shown in Table 26 and Figure 33, the emittance increased from
0.84 at 800°F to 0.89 at 1600°F. The temperature was then
lowered to 1400°F and the emittance values essentially repeated
the previous readings. The temperature was then increased to
1700°F and the emittance again rose to 0.89. At this temperature,
the coating separated from the tube and the test was terminated.
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III COATING ENDURANCE TESTS IN SUPPORT
OF NASA SPACE POWER SYSTEMS

A. Introduction

The long term endurance testing of four finned-tube radiator seg-
ments has been completed. Thermocouple data indicated a rela-
tively constant temperature profile across each of the specimens
throughout the tests and therefore showed no significant emittance
changes for any of the specimens. During the latter part of the
tests the profile data was similar to that reported in Technical
Report PWA-2206.

Post-test analyses were conducted for each specimen and test
chamber. The specimens were cooled to room temperature in
vacuum and then the residual gas in the chambers was analyzed
using a Veeco Model GA-3 residual gas analyzer connected to the
system by the method shown in Figure 34. Contamination of the
residual gas was avoided by evacuating and baking out the system
external to the chamber to a pressure below that in the chamber
before opening the connecting valve. The residual gas analyses
indicated that the increase in noble gases (which are not removed
by ion-gettering pumps) was not great enought to significantly
distort pressure readings made by monitoring the ion-gettering
pump current.

Following analysis of the residual gases, the pumps were turned
off and the leak rate of each chamber was determined. Leak rates
were determined to indicate the rate of air-flow into the test
chambers to facilitate analysis of chemical changes in the specimens
in the event that such changes had occurred. The leak rates were
all found to be well below the rates at which a detrimental amount
of flow would occur. The chambers were then re-evacuated with
pressure measurements being made using both the ion pump cur-
rent and the ionization gage in the external system to check the
accuracy of the vacuum measurements made during endurance
testing.

The chambers were then vented with dry nitrogen and opened. The
‘finned-tube segments were removed, cut apart, and subjected to
chemical and metallurgical analyses.

Included in the analyses was the measurement of coating bond
strength. This was determined by bonding a portion of the coated
fin between the two end grips shown in Figure 35 with epoxy resin.
The epoxy resin joints were cured at 350°F for one hour to pro-
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duce a bond of 12,000 psi which is in excess of the coating-substrate
bond strength. The-assembly was then subjected to tensile te sting.
Failure could occur at three locations. If it occurred within the
epoxy, it would indicate that the coating-to-s ubstrate bond strength
was greater than 12,000 psi. If it occurred within the coating,

then the interparticle bond strength was lower than that between

the coating and the substrate. Failure at the coating-substrate
interface would indicate a coating-to-substrate bond strength

which was lower than the interparticle strength.

B. Endurance Test Number 1, SNAP-8 Test Section

This test section was coated with an aluminum-phosphate bonded
mixture of nickel-chrome spinel (NiO-Cr203) and silicon dioxide
and completed 15, 000 hours of endurance testing at a fin root temp-
erature of 700°F in a vacuum of about 10-7 mm Hg. After 2700
hours of testing, the specimen was inadvertently overheated causing
the coating on the tube portion of the specimen to wrinkle and the
thermocouples near the fin root to become poisoned. Testing was
continued until a total of 7200 hours had been accumulated at which
time the specimen was reinstrumented. The test was subsequently
continued to accumulate a total running time of 15, 000 hours. No
additional changes in the coating occurred during testing. The
segment is shown after testing in Figures 36 and 37.

The results of the residual gas analysis are shown in Table 27,
and indicate that the concentration of argon increased slightly
while that of the other gases decreased slightly. This behavior

is a result of the selective pumping characteristics of ion gettering
pumps. The results of the leak test are shown in Figure 38.

Metallurgical and chemical testing was conducted on samples taken
from the locations shown in Figures 39 and 40, Spectrographic and
X-ray analyses (Table 28) detected no significant changes in the
chemical composition or crystalline structure of the sample as a
result of testing although a small amount of silicon carbide, be-
lived to be an impurity present in the original coating, was detected.
Micro-hardness testing (Table 29) indicated that the hardness of

the segment was typical of the aluminum alloys of which the speci-
men was made (1100 alloy for the fin and 6061 alloy for the tube),

Photomicrographs of the fin and wrinkled portion of the tube
were taken. The structure of the fin (Figure 41) was typical of
1100 aluminum alloy. Photomicrographs of the wrinkled area
(Figure 42), revealed the build-up of a brittle material which is
believed to be silicon at the base of the wrinkles. The grain size
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in the vicinity of the wrinkles was found to be considerably larger
than that in unaffected portions of the tube. Although metallurgical
changes have occurred in this region, the cause of wrinkling is
uncertain because the effect on the structure of 12, 000 additional
hours of endurance testing after overheating cannpt be adequately
evaluated.

The results of mechanical testing are shown in Table 30. Although
the coating had the lowest bond strength of those subjected to long
term endurance testing, it also withstood the greatest bend angle

of any of the coatings tested. The coating-to-substrate bond strength
was greater than the interparticle bond strength.

The thermocouples were checked and it was found that no poisoning
had occurred after replacement of the original thermocouples at 7200
hours.

Post-test analyses of the nickel-chrome-spinel-and-silicon-dioxide
coated segment have indicated that there was no interaction between
the aluminum substrate and the coating and that, aside from the
effects of overheating at 2700 hours, there was no change in the
coating as a result of testing.

C. Endurance Test Number 2, SNAP-8 Test Section

This SNAP-8 radiator segment was plasma-arc sprayed with a
coating of "Titania Base' powder obtained from the Plasmadyne
Corporation. The powder is primarily titanium dioxide but con-
tains small amounts of other oxides. The specimen was endurance
tested for 14, 037 hours at a fin root temperature of 700°F in a
vacuum of about 10-7 mm Hg. Cracks in the coating on the tube
portion of the specimen were first observed at 2810 hours (Figure
43) and spalling was observed at 6840 hours (Figure 44). The
coating continued to deteriorate during the remainder of the test.
After approximately 12,287 hours, the vacion pump stalled and the
power to the specimen was shut off. The pump was subsequently
restarted and the test continued, but the thermal cycling to which
the specimen was subjected caused additional coating loss. The
test was concluded after a total endurance time of 14,037 hours.
Figure 45 shows the appearance of the specimen at the end of the
test and Figures 46 and 47 show the specimen after the bell jar
was removed, As shown, removal of the bell jar caused a small
additional amount of coating to fall off the tube.

The results of the residual gas analysis (Table 31) showed an in-
crease in the concentration of argon and a decrease in the concentra-
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tion of the other gases as a result of the selective pumping of the
ion-gettering pump. The results of the leak test appear in Figure 48.

Figures 39 and 49 show the locations from which the various test
samples for chemical and metallurgical analyses were taken. The
results of spectrographic and X-ray analyses (Table 28) indicated
that no chemical or crystalline structural changes occurred as a
result of testing, and microhardness tests (Table 29) indicated
that the material hardness was typical for the aluminum alloys of
which the segment was made.

Photomicrographs (Figure 50) showed that the structure of the
specimen was typical of the alloy and revealed no evidence of
interdiffusion between the coating and the aluminum sub-
strate. '

Mechanical testing (Table 30) indicated that the coating was quite
brittle, but that it was well bonded to the fin. The inter-

particle bond strength was lower than the coating-to-substrate bond
strength.

The thermocouples were checked and there was no evidence of sig-
nificant thermocouple poisoning.

Post-test analysis has, therefore, indicated that although a certain
amount of spalling from the tube portion of the specimen occurred
during testing, the remainder of the coating remained well bonded
to the substrate and was unchanged as a result of testing.

Endurance Test Number 3, Sunflower I Test Section

The Sunflower I test section was coated with the same type of
""Titania Base'' powder used for the SNAP-8 section described in
the preceding section. Endurance testing was conducted at a fin
root temperature of 650°F in a vacuum of about 10~ 7 mm Hg.
After 12,691 hours, a line voltage fluctuation caused the electro-
magnetic relay to shut off the specimen power. The specimen
was maintained in vacuum and examined before being returned to
the endurance temperature. No change in the coating resulted
from thermal cycling and the test was continued until 13,755 hours
were accumulated and the relay again shut off power to the speci-
men. At this time testing was permanently discontinued. As
shown in Figures 51, 52, and 53, no change in the appearance of
the coating occurred as a result of testing.

The results of the residual gas analysis (Table 32) showed that the
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concentration of argon increased as a result of the selective pump-
ing of the ion gettering pump. There was also an increase in the
concentration of some hydro-carbons, but the reason for the in-
crease is not known. The results of the leak test are shown in
Figure 54 and indicate that this rig had the lowest leak rate of the
four long term endurance rigs.

The locations of the various samples for metallurgical and chemical
analysis are shown in Figures 55 and 56, X-ray and spectrographic
analyses (Table 28) indicated that no change in the chemical composi-
tion or crystalline structure of the coating occurred as a result of
testing. Microhardness tests (Table 29) indicated that the hardness
of the samples was typical for the material in the annealed condi-
tion. Photomicrographs (Figure 57) show normal structures for
the material and indicate that no interaction between the coating

and substrate occurred. Mechanical testing (Table 30) indicated
that the properties of this coating were similar to those of the
titania base coating tested on a SNAP-8 test section. The thermo-
couple calibration check indicated that the thermocouples were
stable throughout the test. '

Post test analysis of the titania base coated Sunflower I test section
has indicated that the coating was unchanged by the endurance te st-
ing and had properties similar to those of the titania base coated
SNAP-8 test section. It is noted, however, that no spalling occurred
on the tube portion of the Sunflower I test section whereas extensive
spalling occurred on the tube portion of the SNAP-8 test section.
This is attributed to the use of type 347 stainless steel for the tube
portion of the Sunflower I test section which provided a tube with a
lower coefficient of thermal expansion than the aluminum 6061 alloy
used for the SNAP-8 section tube.

Endurance Test Number 4, SNAP-8 Test Section

A mixture of silicon carbide and silicon dioxide was aluminum-
Phosphate bonded to a SNAP-8 test section and endurance tested for
12,781 hours at a fin-root temperature of 700°F in a vacuum of
about 10-7 mm Hg. No change in the appearance of the test section
occurred as a result of testing. Figures 58 and 59 show the section
after testing.

The residual gas analysis (Table 33) of the test chamber indicated
that the concentration of argon increased and that the concentra-
tion of the other gases either decreased or remained essentially
unchanged. Results of the leak test appear in Figure 60,
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Test samples for metallurgical and chemical analysis were taken
from the locations shown in Figures 39 and 61. Spectrographic
and X-ray analysis (Table 28) indicated that no significant changes
in the coating occurred as a result of testing. Microhardness
tests (Table 29) indicated hardnesses typical of aluminum alloys.
Photomicrographs (Figure 62) show normal structures and indicate
that interactions between the coating and the substrate did not
occur. Mechanical testing (Table 30) indicated that this coating
was ductile, but had a low coating-to-substrate bond strength. The
thermocouple calibration check indicated that no appreciable
thermocouple poisoning occurred during testing.

F. Summary

Long term endurance testing four coated space radiator segments
has demonstrated the overall stability of coatings of aluminum-
phosphate bonded silicon carbide, aluminum-phosphate bonded
nickel-chrome spinel, and plasma-arc sprayed titania base when
bonded to aluminum fins and exposed to temperatures of about
700°F in a vacuum of about 10~7 mm Hg. None of the coatings
reacted with the fins and no changes in either the coating or fin
material resulted from endurance testing. The coatings remained
satisfactorily bonded to the fins with coating-to-substrate bond
strengths which were higher than the inter-particle bond strengths.
The aluminum-phosphate bonded coatings were weaker, but more
ductile than the plasma-arc sprayed titania base coatings. Coating
failures occurred only on the tube portion of two specimens and in
one case could be directly attributed to overheating the specimen.

The tests also demonstrated the feasibility of endurance testing

in vacuum for periods extending up to 15, 000 hours. Although the
concentration of argon increased slightly, the ion-gettering pumps
operated satisfactorily in all cases, and, with the exception of
difficulties caused by overheating during the testing of the nickel-
chrome spinel coated SNAP-8 radiator segment, the instrumentation
remained stable throughout the tests,
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IV.. INVESTIGATION OF ALKAPHOS-BONDED
COATING PROCEDURES

Silicon carbide has been found to have an emittance of better than 0. 90,
but difficulty has been encountered in maintaining an adequate bond
between silicon carbide and a substrate at temperatures above 1400°F.
To date, only thermal spraying and aluminum phosphate bonding
techniques have been found to be suitable for high temperature
applications. However, silicon carbide decomposes when applied by
thermal spraying, and therefore efforts have been directed toward
developing a satisfactory technique for bonding silicon carbide with
aluminum phosphate. '

A stable aluminum phosphate compound, anhydrous aluminum meta-
phosphate (Al1,03 - 3P,0g), is formed at 930°F3 with the loss of the
last of the chemically combined water. It would be expected,
therefore, that, in the absence of thermal shocking, an aluminum-
phosphate bonded coating which remained bonded up to 930°F would
remain bonded up to at least 2000°F. Aluminum phosphate bonded
coatings of silicon carbide, however, have separated at temperatures
around 1400°F. To determine the cause of this behavior, an investi-
gation of substrate surface preparation and curing procedures is being
conducted.

Since the source of aluminum-phosphate solution used for bond-

ing has not been found to influence emittance data, the investiga-
tion has been confined to one commercially available solution,
namely, Alkaphos C, a product of Monsanto Chemical Company.
This product is particularly stable which enables a single batch

of material to be used throughout the investigations and therefore
precludes the possibility of variations in mixing practice influ-
encing the test results. AISI-310 stainless steel strips and co-
lumbium-1 per cent zirconium tubes have been used for substrates.

To determine the effects of surface roughness, four columbium-1 per
cent zirconium tubes were prepared with varying degrees of roughness.
The processes used were chemical cleaning, vapor blasting, grit blast-
ing with 90 mesh alumina, and grit blasting with 28 mesh steel. Each
tube was cleaned with trichloroethylene, flushed with water, and rinsed
with acetone. The coating and curing procedure used is outlined in
3Eubanks, A. G. and Moore, D. G., '"Investigation of Aluminum
Phosphate Coatings for Thermal Insulation of Airframes,' NASA
TN D-106, National Aeronautics & Space Administration, Washington,
D.C., November, 1959.
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Table 34, specimens numbers 1 through 4. Although some crumbling
occurred on all of the samples, the coating applied to the tube which
was grit blasted with 90 mesh alumina showed the least tendency to
separate from its substrate.

Various curing cycles were investigated for Alkaphos-bonded silicon-
carbide coatings on AISI-310 stainless steel strips and on columbium-
1 per cent zirconium tubes. The substrates were prepared by either
vapor or grit blasting and were degreased and rinsed with acetone im-
rriediately before being coated. Coatings of various compositions (see
Table 34) were applied by spraying and were dried and cured for various
times and at various temperatures. All of the specimens which were
heated above 400°F were furnace-cooled to 400°F to prevent thermal
shocking. Results of these tests appear in Table 34, specimens numbers
5 through 14. Coatings which were cured at temperatures above 400°F
remained intact until after the specimens were removed from the fur-
nace, but after a few hours the coatings crumbled. Since this problem
had not been encountered previously when a more acidic aluminum-
phosphate solution made by Pratt & Whitney Aircraft had been used,

it was thought that increasing the acidity of the Alkaphos might reduce
the amount of crumbling. A specimen was prepared using a slurry to
which phosphoric acid had been added, but excessive spalling of the
coating resulted (specimen number 15 in Table34). To gain further
insight into the problem, a coating with SrO - TiO; filler was applied
and cured at a temperature above 400°F. No crumbling occurred
(Table 34, specimen number 16) which indicates that the process is
suitable for some materials.

As may be seen in Table 34, all of the silicon carbide coatings bubbled
during curing. Inan attempt to determine the cause of the bubbling,
coatings of Alkaphos C without filler material were applied to a stain-
less steel and to a columbium-1 per cent zirconium substrate. Curing
included heating to 950°F. No bubbling occurred, but the coatings were
still tacky at completion of the curing cycle indicating incomplete curing
(see specimens 17 and 18 in Table 34). The lack of bubbling, however
indicates that the Alkaphos C does not, in itself, cause the bubbling,

It was noted that the higher-purity green silicon carbide was not so
prone to bubbling as was the black silicon carbide. On this basis it is
considered possible that the bubbling is caused by impurities which
react with the aluminum phosphate solution.

To further evaluate the cause of bubbling, a coating containing CaO -
TiO; filler material was applied to a columbium-1 per cent zirconium
tube. This specimen (specimen number 19 in Table 34) was cured by

the process which had been most successful with silicon carbide coatings,
No bubbling occurred.
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On the basis of work completed to date and consultation with the
Monsanto Chemical Company, it appears that silicon carbide is a

- particularly difficult material to bond by aluminum phosphate solutions.

The best coatings produced to date were air-dried for 20 hours, and
oven cured at 200°F for 2 hours, 250°F for 2 hours, 300°F for 2 hours,
and 400°F for 2 hours.

To further investigate Alkaphos-bonded coating procedures, a coating
containing green colored silicon carbide and cured by the method des-
cribed above was tested in the total hemispherical emittance rig. The
coating was 6 mils thick, contained a few small bubbles, and was still
tacky at the end of the curing cycle, indicating incomplete curing. The
appearance of the coating before testing is shown in Figure 63, Data
was not taken below 1000°F since previous silicon carbide coatings had
been stable up to 1300°F, However, the data taken at 1000°F for the
present coating indicated that the coating was already failing. The
appearance of the coating after testing is shown in Figure 64.

In an attempt to produce better coatings, additional columbium - 1

per cent zirconium tubes were coated using a modified procedure. A
slurry was formed by mixing 100 grams of silicon carbide with 100
milliliters of Alkaphos C and then adding a mixture of 0.1 gram of
Trixton X100 (a polyethylene glycol nonyl phenol procured from Rohm
and Haas Company) and 5 grams of distilled water. The slurry was
thoroughly mixed, subjected to a reduced pressure of 27 inches of Hg
until no additional air bubbles appeared, and then let stand overnight.
The tubes to be coated were placed on a horizontal spindle, washed with
acetone, and dried. They were then placed 12 inches above a hot plate
set at 700°F and rotated at 20 RPM while thin coats of slurry were
applied with a brush. The specimens were rotated after coating until
they achieved a dull luster, were then removed from the spindle,
mounted in a frame so that only the tube ends touched the frame, and
placed in a forced-air oven. The oven temperature was raised to
250°F over a two-hour period and then held at 250°F for a minimum
of 4 hours. The specimens were then moved to a vacuum oven pre-
heated to 250°F and the pressure was reduced to 27 inches of Hg over
a one-half hour period. The oven temperature was increased to 400°F
at the rate of 33°F per hour and conditions were then maintained for
16 hours. At the end of this period the specimens were slowly cooled
under reduced pressure. The resulting coatings were uniform and
contained no bubbles,

The behavior of these coatings under test conditions is described in the

section on silicon carbide coatings. The appearance of the coatings
before and after testing is shown in Figures 63 and 64 respectively.
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V. INVESTIGATION OF TOTAL HEMISPHERICAL
EMITTANCE RIG DISCREPANCIES

As reported previously in Pratt & Whitney Aircraft Technical Report
PWA-2163, difficulty had been encountered in reconditioning the total
hemispherical emittance rig after a coating of manganese oxide vola-
tilized and coated the instrumentation flange and other parts in the
chamber with a metallic coating. A complete cleaning of the interior
of the chamber and replacement of the affected electrical components
failed to re-establish the previous performance. Since total hemispherical
emittance measurements depend on measurements of specimen power
input and specimen surface temperature, the components involved with
these measurements were carefully analyzed. Power is measured in
this rig with a precision AC-DC voltmeter in conjunction with several
current shunts. The voltmeter used was checked and found to be
accurate to within 0. 2 per cent and the current shunts were checked and
found to deviate from their nominal values by not more than 0.08 per
cent.

Comparison of values obtained with platinum-platinum 10 per cent rhodium
thermocouples (which are used extensively in the total hemispherical
emittance rig) with values obtained with chromel-alumel thermocouples
revealed a consistent discrepancy, with the platinum-platinum 10 per
cent rhodium thermocouples yielding lower values. Initial investigation
of the thermotouples evaluated the effect of the substrate material on
thermocouple operation. Both platinum-platinum 10 pPer cent rhodium
and chromel -alumel thermocouples were attached to uncoated tubes of
columbium-1 per cent zirconium, AISI-310 stainless steel and tantalum.
It was found that the temperature measurement discrepancy was the

same with all substrates and it was therefore concluded that the substrate
material was not the cause of the discrepancy.

Analysis was then directed to the thermocouple wire itself, and it was

discovered that one roll had not been properly annealed. This roll had
been started at the time of the volatilization of the manganese oxide
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in the total hemispherical emittance rig. To confirm that the improper
pPreparation of the wire was the cause of the discrepancy, temperature
measurements were made using 3-mil diameter chromel ~alumel ther-
mocouples and both 1-mil and 3-mil diameter platinum-platinum 10
per cent rhodium thermocouples which were properly annealed. Agree-
ment between the 3-mil diameter platinum-platinum 10 per cent
rhodium and the chromel-alumel thermocouples was within a few
degrees in the range of 200 to 1800°F (see Table 35). As shown in
Table 36, agreement was also good between the 1- and 3-mil diameter
platinum-platinum 10 per cent rhodium thermocouples, thus confirming
the theoretical analysis of thermocouple lead heat conduction losses
presented in Appendix L of Pratt & Whitney Aircraft Technical Report
PWA-2206. In conjunction with the thermocouple investigations, emit-
tance data was obtained for AISI-310 stainless steel and tantalum and
are reported in Sections II~A and II-B of this report.

The results of this investigation have resolved the difficulties with the
total hemispherical emittance rig and the rig has been returned to
service.
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VI EMITTANCE MEASUREMENTS OBTAINED
IN 1962 CORRECTED FOR TOTAL
HEMSIPHERICAL EMITTANCE RIG DISCREPANCIES

During the period at the end of 1962 when the accuracy of data
obtained with the total hemispherical emittance rig was under
investigation, emittance data was obtained for a number of materials,
but was withheld pending resolution of the problems associated with
temperature measurement. Since these problems have now been
resolved, it is possible to report these data:

A.

Hastelloy C (Partially Oxidized)

Partially oxidized Hastelloy C powder was obtained from the Haynes
Stellite Company for emittance testing. The material was plasma-
arc sprayed onto an AISI-310 stainless steel tube to produce a

7-mil thick coating which was metallic gray, very hard, and well
bonded to the substrate. The coating had a texture similar to that
of 40 grit emery cloth. Emittance measurements were made between
300°F and 1700°F and the results (Table 37 and Figure 65) show
that the emittance increased slowly from about 0.54 at 300°F to
about 0. 62 at 1700°F. During cooling. the emittance duplicated

the values obtained during heating. Testing was not attempted above
1700°F since the emittanc = was low and since there was danger

that the nickel in the alloy might volatilize at higher temperatures.
Had the powder been completely oxidized, the emittance values pro-
bably would have been higherfand the nickel would have been com-
bined with an oxide and not so liable to volatilize. No change in the
appearance .f the coating resulted from testing.

Hastelloy X (Partially Oxidized)

Hastelloy X powder was obtained from the Haynes Stellite Company
with particle diameters between 44 and 105 microns. An 8 -mil
thick coating of the material was applied to an AISI-310 stainless
steel tube by plasma-arc spraying. The resulting coating was gray
with silvery metallic specks, hard, and well bonded to the substrate,
The texture was similar to 40 grit emery cloth. Emittance testing
was confined to temperatures between 300 and 1700°F for the rea-
sons discussed in the preceding section. Results are presented

4 Wade and Casey, op. cit.
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in Table 38 and Figure 66 and show that the emittance increased
from 0.59 at 300°F to about 0.66 at 1700°F and then repeated the
same values during cooling. After testing it was found that the
silver specks had darkened to a golden color, but no other changes
were apparent.

C. Oxidized Kennametal K-151A

| Kennametal K-151A powder was oxidized by the supplier, Kennametal,
Incorporated, for 20 minutes at 1600°F so that the emittance data
obtained could be compared with that of oxidized sheets of the same
material tested by Wade and Casey.” A 4-mil thick coating of the

| material was applied to an AISI-310 stainless steel tube. The re-

" sulting coating was dark gray, fairly hard, and had a texture simi-

lar to that of 40 grit emery cloth. The coating-to-substrate bond

was fair.

The specimen was tested between 500°F and 1700°F and results
appear in Table 39 and Figure 67. The emittance increased from
0.75 at 500°F to about 0.90 at 1300°F and then remained constant
up to 1700°F. Two emittance points were obtained during cooling
and these indicated that no changes in the coating occurred during
the test. When the specimen was removed from the rig, its appear-
ance was found to be unchanged. Agreement between the data ob-
tained by Pratt & Whitney Aircraft and that obtained by Wade and

Casey is good when it is recognized that the Pratt & Whitney Air-
L craft data was obtained in vacuum using a plasma-arc sprayed

coating whereas Wade and Casey measured total normal emittance
in air using a flat sheet of Kennametal K-15]A.

D. Oxidized Kennametal K-162B

Similar to the Kennametal K-151A powder, Kennametal K-162B pow -
der was oxidized by the supplier for 20 minutes at 1600°F. A 5-

mil thick coating was produced by plasma-arc spraying on an AISI
310 stainless steel tube. The coating was dark gray, fairly hard

and had a texture similar to that of 40 grit emery cloth. The coating-
substrate bond strength was fair.

5Wade and Casey, op.cit.
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Emittance measurements were made between 300 and 1700°F and

the results are presented in Table 40 and Figure 68. As shown,

| the emittance increased linearly from 0.77 at 300°F to 0. 89 at

| 1700°F and then repeated the same values during cooling. No
change in the coating was apparent after testing. -

Although at temperatures above 800 °F, the emittance values obtained
were slightly higher than those obtained by Wade and Casey, the
difference is presumably attributable to the different procedures
used and in general the agreement is reasonable.

E. Barium Titanate

Barium titanate powder (BaO- TiO,) was obtained from the Continental
Coatings Corporation under the material designation FCE-11 and a
7-mil thick coating of the material was aluminum phosphate bonded

to a columbium - 1 per cent zirconium tube. The coating was white,
soft, and poorly bonded to the substrate. The texture was similar

to that of 320 grit emery cloth.

Emittance measurements were made between 300°F and 1000°F and
the data are presented in Table 41 and Figure 69. The emittance
varied from 0. 85 at 300°F to 0.63 at 1000°F and was lower during
cooling than during heating, indicating that a change in the coating
had occurred. After testing, the color of the coating was irregular
although still white. A small amount of powder spalled from the
specimen during testing and was found on the bottom heat shield.

F. Calcium Titanate

Two columbium - 1 per cent zirconium tubes were plasma-arc
sprayed with a high purity calcium titanate (CaO- TiO2) powder
obtained from the Titanium Division of the National Lead Company.

The first specimen had a 5-mil thick coating containing white
crystals on a blue background. The coating was hard, well bonded
to the substrate, and had a texture similar to that of 40 grit sand-
pPaper. Total hemispherical emittance data was obtained between
300°F and 1600°F. As shown in Table 42 and Figure 70, the
emittance decreased during run 1 from 0.75 at 300°F to 0.71 at
900°F and then increased until a value of about 0.94 was attained
at 1500°F, During cooling the emittance decreased to 0.86 at
800°F. The specimen was then reheated with similar emittance
values being obtained. After testing, the white crystals in the
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coating were still present, but the background had turned gray,
No other changes were apparent.

The second specimen had a 4-mil thick gray coating which was hard
and well bonded to the substrate. The texture was similar to that
of 40 grit emery cloth. Emittance values were obtained between
300 and 1500°F and are presented in Table 43 and Figure 71.
Comparison of Figures 70 and 71 reveals that the general shapes

of the curves are similar, but that the emittance of the second
specimen was slightly higher. No changes in the appearance of the
specimen occurred as a result of testing.

G. Iron Titanate

A 3.5-mil thick coating of iron titanate was aluminum phosphate
bonded to a columbium - 1 per cent zirconium tube. The coating
had a texture similar to that of 320 grit emery cloth, was well
bonded to the substrate, and was light brown except around the
black-body holes where the color was somewhat darker.

Emittance measurements were obtained between 300 and 1900°F
and the results are presented in Table 44 and Figure 72. As shown
in Figure 72, the curve is S shaped with maximum values of 0.87
and 0.83 being obtained at 500 and 1500°F respectively.

Between 1600 and 1700 °F one of the thermocouples failed and at
2000°F the voltage leads failed, terminating the test. After testing
the specimen was black rather than the original light brown. Data
obtained during this test using optical pyrometer temperatures
confirm previous data for iron titanate coatings (see Pratt & Whit-
ney Aircraft Report PWA-2206).

H. Iron Titanate With Alumina

Iron Titanate with alumina was aluminum phosphate bonded to a
columbium - 1 per cent zirconium tube. The resulting coating was
4 mils thick, light brown, and hard. The coating was well bonded
to the substrate and had a texture similar to that of 320 grit

emery cloth.
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Emittance data was obtained between 300 and 2000°F and are pre-
sented in Table 45 and Figure 73. The emittance decreased from
0.83 at 500°F to a low of 0.70 at 1300°F, and then increased to
0.93 at2000°F. During cooling,the emittance decreased, but re-
mained higher than during initial heating. At 1400 and 1500 °F, the
temperature profile along the specimen was not even although the
specimen had an even glow along its length. Shining a light on
the specimen, however, revealed that the coating had a spotty
appearance at 1600°F which was not observed at either 1500 or
1700°F. Further, a large increase in pPower was required to attain
and maintain the specimen temperature at 1700°F, indicating that
a change in the coating occurred at this temperature resulting in
the higher subsequent emittance values. After testing, the coating
was black, brittle, and poorly bonded to the substrate. The tex-
ture remained unchanged.

I. Strontium Titanate

Three strontium titanate coated specimens were tested. One of
these was obtained by aluminum-phosphate bonding a commercial
grade of strontium titanate obtained from the Plasmadyne Corpora-
tion to an AISI-310 stainless steel tube. The other two coatings
were obtained by plasma-arc spraying a high purity grade of
strontium titanate obtained from the Titanium Division of the Na-
tional Lead Company to columbium -1 per cent zirconium sub -
strates.

Aluminum Phosphate Bonded Coating - The aluminum phosphate
bonded coating was 10 mils thick, tan, and soft. The coating-sub-
strate bond strength was fair and the coating had the texture of 40
grit emery cloth.

Emittance data was obtained between 300 and 1500°F and are pre-
sented in Table 46 and Figure 74. As shown, the emittance de-
creased from 0. 65 at 300°F to 0.38 at 1500°F. The points obtained
during cooling indicated that a permanent change in the coating

had occurred. As the specimen was cooled below 1050°F, the
coating shattered and violently separated from the substrate. Com-
pParison of emittance curves for barium, calcium, and strontium
titanates (Figures 69, 70, and 74 respectively) indicates that the
decrease in emittance with increasing temperature is characteristic
of titanates.
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Plasma-Arc Sprayed Coatings - The first plasma-arc sprayed
coating was 3 mils thick and contained white crystals on a blue
background. The coating was hard, well bonded to the substrate,
and had a texture equivalent to that of 80 grit emery cloth. Emittance
data was obtained between 300 and 1600°F and is pPresented in Table
47 and Figure 75. During the first run, the specimen was heated

to 1500°F and the shape of the emittance curve was similar to that
obtained previously with this material although the overall level

was somewhat higher than previously. During heating,the emittance
rose from 0.83 at 300°F to 0.93 at 1400 °F. During cooling,the
emittance remained at a level higher than during heating and the
higher values were repeated during subsequent thermal cycling,
indicating that the change was permanent. A similar phenomenon
has been previously observed with a calcium titanate coating
although heating the calcium titanate coating to 1700°F resulted

in a deterioration in emittance properties. After testing,the coating
color was blue-gray.

The second plasma-arc sprayed strontium titanate coating was 5
mils thick, hard and well bonded to the substrate. This coating
contained blue crystals on a white background and had a texture
similar to that of 40 grit emery cloth. Emittance data, obtained
between 300 and 1500°F, appear in Table 48 and Figure 76. The
emittance curve for this coating has the same general shape as
that of the preceding specimen, although initially the emittance
level was slightly higher. During subsequent cooling and thermal
cycling, the emittance remained at a higher level than during initial
heating which has been found to be typical behavior for titanate
coatings. After testing the coating was gray.

J. Silicon Carbide

A 5-mil thick coating of silicon carbide was aluminum phosphate
bonded to a columbium - 1 per cent zirconium tube. The coating
was fairly hard and gray. The texture was coarse and the coating
substrate bond was fair.

Emittance measurements were obtained between 300 and 1400°F
(Table 49 and Figure 77) and varied from 0.85 at 300°F to 0.91

at 1400°F. At this temperature, dark areas were visible on the
coating, indicating that a change was occurring. When the temp-
erature was raised to 1500°F, the thermocouples separated from
the substrate and the test was terminated. Examination of the spe-
cimen after testing revealed that the coating had cracked and sepa-

rated from the substrate.
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TABLE 1
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Volatilization Test Results for Kennametal K-151A

Temperature
(°F)
1000
1200
1300
1400
1500
1600
1700
1750
1800
1850
1900
1950

2000
2050
2100
2150
2200
2250

2400
2450

2500

2600

Pressure

(mm Hg)

1.9 x 106
2.8x 1076

2,
2.
3.
4,
8.
.8 x
.4 x
.3 x
4 x
.6 x

m W DN = O

_— N = = =

1.

5x
9 x
6 x
0x

1x

.6 x
.2 x
.5 x
.9 x
.1 x
.9 x

-

2 X

1 x

2 x

10-6
10-6
10-6
10-6
1076
10-6
10-5
10-5
1072
10-5

10-5
10-4
10-4
1074
1074
1074
1074
1074

10-4

1.4 x 10-%

7.

7.

6 x

6 x

10-5

10-5

Remarks

Coating attained uniform brightness

Dark spots appeared on coating

Noticeable plating on glass bell jar
but no shadows visible

Large power increase required to
attain temperature

Small power increase required to
attain temperature

Shadows visible on glass bell jar;
specimen temperature drifted down-
ward at constant power setting
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TABLE 2

Volatilization Test Results for Kennametal K-162B

Temperature Pressure

(°F) (mm Hg) Remarks

1000 2.2 x 1076

1200 3.1x 106

1300 2.8x10°®

1400 3.3 x 1076

1500 3.9 x 1076

1600 4.1x 107

1700 6.0 x 10-6 Specimen temperature drifted down-
ward at constant power setting; dark
spots appeared on coating

1750 8.0 x 106 Specimen temperature slowly drifted
downward at constant power setting;
no further change in appearance of
coating

1800 1.3 x 105

1850 2.5x10-5

1900 4.0 x 10-5 Stainless steel square became milky
in appearance

1950 4.7 x 1075

2000 6.6 x 10-5

2050 8.2 x 105

2100 1.3 x 1074

2150 1.4 x 10°}

2200 1.4x107%

2250 1.5 x 1074

2300 1.9 x 1074 Dark spots on coating staried to
disappear

2350 _ 5.0 x 10-5 Dark spots on coating no longer visible

2400 4.8 x 1075

2450 4.8x 107

2500 4.7 x 1073

2550 4.8 x 107

2600 5.1x 1073

2611 4.9 x 1072

Coating color changed from black to brown, some plating was
observed when the chamber was opened,
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Temperature
(°F)

1000
1200
1400
1500
1600
1700
1800
1900
2000
2100

2150

2200

2250

2300

TABLE 3

Pressure
(mm Hg)
3.0 x 10-6

3.0 x 1076
3.6 x 10-6
4.1 x 1076
4.4 x107°
4.2 x 10-6
4,3 x 10-6
4.3 x 1076
4.2 x 10-6
4.9 x 1076

5.4 x 10°©

8.9 x 10'6

1.4 x 107

1.6 x 10-3
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Volatilization Test Results for Iron Titanate

Remarks

Coating attained uniform brightness

Specimen temperature drifted down-
ward at constant power setting

lL.arge power increase required to
attain temperature; specimen tem-
perature drifted downward at constant
power setting

Small power increase required to
attain temperature; specimen tem-
perature drifted downward at constant
power setting

Small power increase required to
attain temperature; specimen tem-
perature drifted downward at constant
power setting

Specimen temperature drifted down-
ward at constant power setting;
shadows visible on glass bell jar
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TABLE 5

Total Hemispherical Emittance

Uncoated Tantalum

Run Flapsed Pressure Thermocouple Optical Pyrometer
Number Time (Hrs. ) (mm Hg) Temp.(°F) € th Temp. (°F) € th

First Specimen

1 0.4 1.0 x 10-6 1499 0. 164 1516 0.158
0.8 1.1 x 10-6 2201 0.200 2221 0.194
1.8 1.1 x 10-6 2200 0.197 2226 0.190
2 2.0 1.0 x 10-6 904 0.139
2.4 1.0 x 10-6 999 0. 140
2.6 8.7 x 107 1100 0. 142
2.9 7.5 x 1077 1201 0. 144
3.2 7.3x10-7 1300 0. 150
Heating Current Off; Vacuum Maintained
3 3.5 9.8 x 10~7 1000 0.139
3.8 9.1x 10-7 1200 0. 145
3.9 1.0 x 10-6 1400 0.154
4.5 1.0 x 10-6 1600 0.165 1608 0.162
4.8 1.0 x 10-6 1801 0.175 1817 0.170
5.1 1.1 x 10-6 2000 0.183 2020 0.178
5.3 1.4 x 1076 2199 0.195 2226 0.187
5.4 1.0 x 10-6 1503 0. 147 1516 0. 144
5.5 9.3 x 107 1000 0.133
Second Specimen
1 0.1 4.1x10-7 1000 0.167
0.2 5.8 x 10-7 1200 T 0.169
0.3 1.9 x 10=6 1400 0.180
0.5 6.6 x 10-7 1600 0.207 1592 0.210
0.6 4,9 x 10-7 1800 0.230 1789 0.234
1.0 4.0 x 107 2000 0.256 1994 0.259
1.1 5.1x10°7 2200 0.256 2215 0.250
1.2 4.8 x 107 2150 0.237 2164 0.232
1.3 3.4 x 10-7 1850 0.218 1859 0.215
1.4 3.4 x 10-7 1550 0.203 1559 0.200
1.5 3.0 x 10-7 1249 0.185
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TABLE 6
Total Hemispherical Emittance

Coating: Crystalline Boron - Plasma Arc Sprayed (£ 1-mil)
Substrate: Columbium - 1% Zirconium

Run Elapsed Pressure Thermocouple Optical Pyrometer
Number Time (Hrs.)  (mm Hg) Temp. (°F) € th Temp. (°F) € th
1 0.6 4.6 x 10-7 300 0.651
0.7 4.0 x 107 500 0. 685
1.0 4.4 x10-7 700 0.691
1.2 4.3x10°7 900 0. 705
1.3 8.0 x 10-7 1000 0.710
1.4 5.2 x 10-7 1100 0.721
1.5 5.6 x 10~7 1200 0.728
1.6 4.1 x 10-7 1300 0.736
1.7 1.2 x 10-6 1400 0.740
1.8 6.6 x 10-7 1500 0.747 1505 0. 740
2.3 6.2 x 10-7 1600 0.1752 1611 0. 736
2.7 1.8 x 10-6 1700 0.757 1711 0. 742
Heating Current Off; Vacuum Maintained
2 3.0 5.0x 107 1500 0.727 1514 0.707
3.1 5.0 % 10-7 1600 0.734 1611 0.718
3.3 4.0 x 10-7 1700 0.738 1710 0.724
3.7 5.0x 10-7 1800 0. 745 1811 0. 731
3.9 1.0x 10-6 1900 0. 742 1913 0. 725
4.5 6.8 x 10-7 2000 0. 730 2019 0. 707
4.8 1.3x 1076 2200 0. 699 2225 0.673
4.9 1.0 x 10-6 2150 0.677 2169 0.657
5.0 5.0 x 10-7 1850 0.622 1859 0.612
5.2 2.8x10-7 1550 0. 643 1562 0.643
5.4 1.6 x 10-7 1250 0.621
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PWA-2309

TABLE 12

Total Hemispherical Emittance

Coating: Calcium Titanate-Plasma Arc Sprayed {5-Mil)
Substrate: Columbium - 1% Zirconium

Run Elapsed Endurance Pressure Thermocouple Optical Pyrometer
Number Time (Hrs) Time (Hrs) (mm Hg) Temp. (°F) ith Avg. €th Temp (°F) € th
1 0.5 2.1x 1077 800 0.822
1.3 7.6 x 10-7 901 0.812
2.1 0 7.7 x 10°7 1000 0.812
2.4 0.3 4.0 x 10~7 1000 0.823
3.5 1.4 1.6 x 10-7 1000 0.837
4.6 2.5 1.6 x 10-7 1000 0.847
5.5 3.4 1.1x 10-7 1000 0.850
6.4 4.3 6.0x 10-8 1000 0.856
L 1.2 5.1 6.0x 10-8 1000 . 0.858
23.8 21.7 3.4x 10-8 1000 0.870
26.0 23.9 2.0x 10-8 1000 0.871
28.1 26.0 2.0x 10-8 1000 o0.871 | 0-87!
30.4 28.3 2.0x 10-8 1000 0.871
48.5 46,4 1.4 x 10-8 1000 0.872
51.4 49.3 1.4x 10-8 1000 0.872
53.4 51.3 1.4 x 10-8 1000 o.872 | ©872
55.3 53.2 1.4x 10-8 1000 0.872
120.2 118. 1 2.8 x 10-8 1000 0.872
122.4 120.3 1.4x 10-8 1000 0.872
124.3 122.2 1.3 x 10-8 1000 o0.872 | ©-872
126.2 124. 1 1.3x 10°8 1000 0.872
126.4 1.2 x 10-8 800 0.876
2 126.7 1.3 x 10-8 1000 0.872
127.0 0 2.0x 10-8 1100 0.872
127.2 0.2 2.0x 10-8 1100 0.881
143.6 16. 6 1.0 x 10-8 1100 0.874
145.6 18. 6 1.1x 10-8 1100 0.874
151.0 24.0 1.0x 10-8 1100 0.882
167. 6 40. 6 1.0 x 10-8 1100 0.883
175.3 48.3 9.0 x 10-9 1100 0.883 }0.878
192.9 65.9 8.0x 10-9 1100 0.883
197.9 70.9 8.0 x 10-9 1100 0.883
215.5 88.5 9.0x 10-9 1100 0.872
216.0 89.0 8.0 x 10-% 1100 0.878
220.4 93.4 7.0x 10-9 1100 0.878
287.5 160.5 7.0x 10-9 1100 0.875
3 288.0 6.0x 1079 800 0.882
288.5 8.5 x 10-9 1000 0.878
288.7 7.0x 1079 1100 0.876
289.2 0 1.0x 10-8 1200 . 0.878
2%1.2 2.0 1.0 x 16-8 1200 5.277
293.6 ° 4.4 8.5 x 10-9 1200 0.877
295.1 5.9 8.5x 10-9 1200 0.877 } 0.877-
312.2 23.0 7.0 x 10-9 1200 0.878
315.4 26.2 7.0x 10~9 1200 0.877
317.8 28.6 7.0x 10-9 1200 0.878
318.1 0 2.0x 10-: 1300 0.877
319.2 1.1 1.8 x 10_9 1300 0.878 { o o0
335.8 17.7 9.5 x 10 1300 0.877
339.3 21.2 9.5 x 10-9 1300 0.877
340.6 0 3.5 % 10-8 1400 0.881
342.8 2.2 2.5 x 10-8 1400 0.877
343.2 2.6 2.5x 10-8 1400 0.877
359.5 18.9 1.2 x 10-8 1400 0.868
361.4 20.8 1.2 x 10-8 1400 0.870
363.3 22.7 1.2 x 10-8 1400 0.864
365. 1 24.5 1.2 x 10-8 1400 0.862
365. 6 3.8 x 10-8 1500 0.865 1494 0.876
366.2 1.1x 10-8 1300 0.862
366.5 9.3 x 10-9 1100 0.863
366.7 8.5 x 10-9 900 0.867
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TABLE 13

Total Hemispherical Emittance
Coating: Calcium Titanate - Plasma-Arc Sprayed (5«Mil)
‘Substrate: Columbium-1% Zirconium

PWA-2309

Run Elapsed Endurance Pressure Thermeocouple Optical Pyrometer
Number Time (Hrs.) Time (Hrs.) (mm Hg) Temp.("F) €th Avg. €th Temp(*F) € th
1 0.2 1. 6x10-8 300 0.875
0.6 3. 0x10-7 500 0. 876
1.0 7. 0x10-7 700 0. 843
1.3 1. 7x10-6 900 0. 838
1.7 0,0 9.2x10~7 1000 0.834
2.9 1.2 2.2x10°7 1000 0. 835 0. 839
4.3 2.6 1.3x10-7 1000 0. 839
6.0 4.3 6.5x10-8 1000 0. 846
23.5 21.8 2.0x10"8 1000 0.858
0. 859
30.7 29.0 2.2x10-8 1000 0. 860
47.6 45.9 1. 3x10-8 1000 0. 855 0. 856
52.8 51.1 1.4x10-8 1000 0.857
54.6 52.9 1.4x10-8 999 0. 859
71.3 69.6 1. 1x10-8 999 0. 853 } 0. 855
76. 1 74.4 1. 1x10-8 999 0.853
95,3 93.6 1.1x10-8 999 0. 856 0.856
102.6 100. 9 1.1x10-8 999 0.857
168. 0 166.3 7. 0x10-9 999 0.861 } 0. 859
175.0 173.3 7. 0x10-9 1001 0.857
191.4 189. 7 6. 0x10-9 1001 0.853
191. 8 5. 0x10-9 799 0. 867
192.2 4. 0x10-9 601 0. 870
2 192.5 5. 0x10~9 800 0. 864
192.8 5. 5x10-9 1000 0, 855
193. 1 0.0 1.5%x10°8 1100 0. 856
194. 1 1.0 1.8x10"8 1101 0. 855
195, 0 1.9 1.9x10-8 1099 0. 858 0. 857
198.8 5.7 1.9x10~8 1100 0.858
215.4 22.3 1.5x10-8 1100 0.858
216.7 0.0 6. 0x10-8 1199 0.863
218.9 2.2 5.1x10-8 1200 0. 862
222.5 5.8 4. 7x10-8 1200 0. 862 0.863
239.5 22.8 3.5x10°8 1200 0. 866
240.8 0.0 1. 7x10-7 1300 0.866 )
242.0 1.2 2. 0x10-7 1300 0.867
246.7 5.9 1.3x10-7 1300 0.867
263.4 22.6 6.2x10-8 1300 0. 865
267.0 26.2 6.2x10-8 1300 0. 865
270.6 29.8 6.0x10-8 1300 0. 866 0. 866
335.8 95.0 2.6x10"8 1300 0. 865 (
339.7 98.9 3, 1x10-8 1300 0. 866
342.5 101.7 3, 0x10"8 1300 0. 865
359. 1 118.3 2.2x10-8 1300 0.866
359.9 0.0 6.8x10-8 1400 0. 865
363.0 3.1 9.0x10-8 1400 0. 865 . 865
366.9 7.0 9.1x10-8 1400 0.863
383, 3 23.4 6.2x10-8 1400 0. 858
383.8 0.0 4.8x10"7 1500 0. 858
388.5 4.7 1.9x10°7 1500 0.833
390.9 7.1 1. 6x10°7 1500 0.833
407.7 23.9 4.0x10-8 1500 0.730
411.5 27.7 3.2x10-8 1500 0. 722 1499 0.723
412.7 1. 7x10-8 1400 0. 720
413.0 1.2x10-8 1300 0.719
413.2 9.5x%10°9 1200 0. 720
413.5 7. 7x1679 1100 0.724
413.8 6. 0x10-9 1000 0.535
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PWA-2309
TABLE 24
Total Hemispherical Emittance
Coating: Silicon Carbide (7-Mil)
Substrate: Columbium -1% Zirconium
Run Elapsed Pressure Thermocouple
Number Time (Hrs.) (mm Hg) Temp.(°F) € th
1 1.0 2.0 x 10-6 300 0.862
1.3 2.0x 10-6 500 0.836
1.6 2.0x 10-6 700 0.846
1.9 2.3 x 10-6 900 0.823
2.2 3.4 x 10-6 1000 0.828
2.4 3.8 x 10-6 1100 0.839
3.4 2.3x 10-6 1200 0.809
3.6 2.3 x 10-6 1300 0.796
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TABLE 27

Residual Gas Analysis Results for Long
Term Endurance Rig Number 1

Concentration Absolute Pressure (mm HL)

Analysis M/ne Ratio Background Rig

Ha 2 0. 242 34, 18x10-11 47.28x10"11
co, CO2 12 0.227

Ar 13 0.308

N, 14 0.298

CHy 15 0.287

0,, CHy, CO, CO, 16 0. 350

NH3, H0 17 0.526

H0 18 0.532

F, OH3*t 19 0. 168

Ne, Ar 20 1. 181

C2Hs 25 0. 394

C,Hs 26 0. 302

C,H3 27 0. 240

N,CO 28 0.265 31.95x10-11 48.40x10-11
C,Hg, C3Hg, N, 29 0.274

NO, C,Hg 30 0.350

0,, S, Methanol 32 0.438 1.80x10-11 4.51x10-11
HzS, O, 34 0.394

c1 35 0.214

HC1, Cl 36 0.262

c1 37 0.320

HC1 38 0. 328

Ar 40 1.292 1. 12x10" 11 8.91x10" 1!
Olefins, C3Hg 41 0.243

Propylene, C3Hg 42 0.302

Paraffins, C3Hg 43 0. 320 .

CO,, C3Hg 44 0.220 3.50x107 11 4.43x10-11

Notes: Rig number 1l contained a SNAP-8 test section coated with a mixture of
nickel-chrome spinel and silicon dioxide

Concentration ratio equals (rig deflection/background deflection) X
(background pressure/rig pressure) and represents ratio of final
concentration to initial concentration

M/ne equals nuclear mass per unit charge

Exposure time: 15,000 hours
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PRATT & WHITNEY AIRCRAFT PWA-2309

TABLE 29

Results of Hardness Testing of Long Term Endurance
Test Sections

Specimens Location* Hardness (Vickers Hardness)

3

1 37.4, 36.8
31.9,°29.0

25.6, 25.6, 28.4
24. 1

26.8, 24.1, 26.0
24.5

24,9, 24.1, 23.5

QHEHDOW >

33.
39.
29.

5, 37.4
3
6
27.2
6
9
4

, 31.9
, 28.0, 28.8

26.
22.
24,

, 27.8, 25.4
, 25.8, 26.1

174, 165

46.8, 42,8, 39.0
32.9

33.5

31.6

PR QOO D >

37.7, 36.2

35, 27.8

25.5, 24.7, 25.8
25.8

25.8, 25.4, 25.2
29.2

25.2, 26.6, 26.0

OO OW >

* See Figures 39 and 55 for test locations.
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TABLE 31

Residual Gas Analysis Results for Long
Term Endurance Rig Number 2

PWA-2309

Absolute Pressure (mm Hg)

Concentration
Analysis M/ne Ratio Background
H, 2 0.311 40.98x10-11
co, COo, 12 0.256
Ar 13 0.322
N, 14 0.411
CHy 15 0.330
02, CHy, CO, CO, 16 0.448
NH3, H,0 17 0.666
H,0 18 1. 647
F, OH3t 19 0.486
Ne, Ar 20 1.810
Ne, CO, 22 0.204
Complex Hydrocarbons 24 0.374
C,H, 25 0.444
CzH, 26 0.362
C,H, 27 0.279
N,, CO 28 0.284 31.84x10-11
C,Hsg, C3Hg, Nz 29 0. 306
NO, C2Hy 30 0.320
03, S, Methanol 32 0.374 2.05x10-11
HS 33 0.262
H,S, O, 34 0.327
C1 35 0. 186
HC1, C1 36 0.220
C1 37 0.249
HC1 38 0. 320
Dienes, Ar 39 0,287
Ar 40 2.020 0.85x10-1!
Olefins, C3Hg 41 0.262
Propylene, C3Hg 42 0,254
Paraffins, C3Hg 43 0.267
CO,, C3Hg 44 0.213 4.60x10-11

_Rig
68.26x10-11

48,40x10-11

4.10x10~11

9, 18x10~11

5,25x10" 11

Notes: Rig number 2 contained a SNAP-8 test section coated with Titania Base

Concentration ratio equals (rig deflection/background deflection) X

(background pressure/rig pressure) and represents ratio of final

concentration to initial concentration

M/ne equals nuclear mass per unit charge

Exposure Time:

14,037 hours
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Analzsis

Hp

CO, COp

Ar

N2

CHy

0,, CHy, CO, CO,
NH3, H20

H,O

F, OH5t

C2Hg

C2Hs

C2H3

NZ, CO

Czhs, C3HB, N,
O3, S, Methanol
HC1

Dienes, Ar

Ar

Olefins, C3Hg
Propylene, C3Hg
Paraffins, C3Hg
CO2, C3Hg

TABLE 32

Residual Gas Analysis Results for Long
Term Endurance Rig Number 3

PWA-2309

Concentration Absolute Pressure (mm Hg)
M/ne Ratio Bacgkgﬁround Rig__

2 0.510 18, 75x10-11 3.18x10~11
12 0.800

13 0.812

14 0.733

15 0.806

16 1.073

17 0.786

18 0.762

19 1.020
25 1,714
26 0.761
27 1.923
28 2.532 17.44x10~11 14, 72x10~ 1!
29 1.000

32 2.600 0.25x10-11 2. 13x10~11
38 6.000

39 0.770
40 2.083 0.99x10-!1 6.85x10-11
41 0.688
42 1.800
43 7.714
44 0.800 0.53x10-11 1.42x10- 11

Notes: Rig number 3 contained a Sunflower I test section coated with Titania Base

Concentration Ratio equals (rig deflection/background deflection)X
(background pressure/rig pressure) and represents ratio of final

concentration to initial concentration

M/ne equals nuclear mass per unit charge

Exposure time:

13, 755 hours

Page 64



Analysis
Hz

CO, CO;
Ar

Na

CHy4

0;, CHy4, CO, CO2

- NH3, Hp,O
H,0
+
F, OHS
Ne, Ar
Ne

Ne, COZ

CzHz

57327

CzH3

N,, CO

CzHs, C3Hg, Ny
NO, CpHg
CH,OH*

02, S, Methanol
H;S

H;S, O3

cl

HCI1, C1

c1

HC1

Dienes, Ar

Ar

Clefins, C3Hg
Propylene, C3Hg

Paraffins, C3Hg
COZ ) C3HB

TABLE 33

Residual Gas Analysis Results for Long
Term Endurance Rig Number 4

Concentration Absolute Pressure (mm Hg)

M/ne Ratio Background Rig

2 3,70 x 10-10

12 0.323

13 0.399

14 0.473

15 0.43¢

16 0. 450

17 0.890

18 0.912

19 0.833
20 2.214
21

22 0.296

23
24
25 0.833
26 0.476
27 0.430
28 0.403 5.75 x 10710 .95 x 10710
29 0.413
30 0.633
31
32 0.430 3.12 x 1071} 4.02 x 1071}
33 0.866

34 ©.483

35

36 0. 666

37 1.066

38

39 0.366

40 2.081 1.20¢ x 10-11 7.54 x 10-11
41 0,373

42 0.376

43 0.433

44 0.316 1.115 x 10-10 1.056 x 10-10

Notes: Rig number 4 contained SNAP-8 test section coated with SiC and SiO;

Concentration ratio equals (rig deflection/background deflection) X
(background pressure/rig pressure) and represents ratio of final

concentration to initial concentration

M/ne equals nuclear mass per unit charge

Exposure time: 12, 78 1 hours
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